Abstract-The instantaneous luminosity of the Large Hadron Collider (LHC) is being increased in several steps over the next 10 years to maximize its discovery potential for new physics. However, at a luminosity of twice the design luminosity of the LHC of 1 × 10 34 cm −2 s −1 , the performance of the current CMS pixel detector is degraded by substantial deadtime incurred by the readout chip (ROC). To make full use of the proton-proton collisions being provided by the LHC, CMS will replace its pixel detector in 2016/17 by a new four-layer detector. The new readout chip used in the barrel detector will have increased buffering capabilities to minimize deadtime, and digital readout protocol to increase the readout speed.
I. INTRODUCTION
T HE Large Hadron Collider (LHC) began its physics program in 2010 with pp collisions at a center-of-mass energy of 7 TeV, and at the beginning of 2012 this energy was increased to 8 TeV. There are three periods of upgrades currently planned for the LHC and its injector chain, which are referred to as LS1, LS2, and LS3. In LS1 (2013/14), the center-of-mass energy will be increased to the design energy of 14 TeV. In LS2 (2018), the injector chain will be upgraded to deliver brighter bunches (high intensity and low emittance). In LS3 (2022), the LHC will be upgraded and is expected to deliver an instantaneous luminosity of 5 × 10 34 cm −2 s −1 . Based on the excellent performance of the LHC in the first three years of running, it is expected that the instantaneous luminosity will already reach 2 × 10 34 cm −2 s −1 before LS2, which is twice the original design luminosity.
The Compact Muon Solenoid (CMS) experiment detector [2] consists of an all-silicon tracker, electromagnetic calorimeter, and hadronic calorimeter inside a 3.8 Tesla solenoid magnet, and muon chambers interleaved with the return yoke. The current CMS pixel detector is the central part of the silicon tracker, and consists of three barrel layers and two endcap disks, with a total of 66 million channels. The sensors are 285 µm thick n + -in-n diffused oxygen float zone silicon, with a pitch of 100 x 150 µm 2 . A module consists of a sensor bump bonded to 16 read out chips. The read out chip, which was designed for a luminosity of 1×10 34 cm −2 s −1 , will suffer from substantial data losses, due primarily to the filling of buffers on the ROC and reaching the maximum readout speed. Dynamic inefficiencies have already been observed when running with 50 ns bunch spacing. In addition, the sensors will degrade with accumulated radiation damage. An increase in the bias voltage needed to fully deplete the sensor will result in decreased charge sharing and a degradation of the spatial resolution. In order to reduce the amount of data loss in the future, and to mitigate the effects of radiation damage on the sensors, the pixel detector will be replaced with a new four-layer, three-disk low mass pixel detector in the year end technical stop in 2016/17, with a new digital ROC to minimize the data losses.
II. UPGRADED PIXEL DETECTOR
The pixel detector is relatively easy to access and extract when the CMS detector is opened, and so it can be replaced during a short shutdown. Therefore the entire pixel detector will be replaced during the extended year end technical stop at the end of 2016 and beginning of 2017, instead of waiting for a long shutdown.
The upgraded pixel detector will have four barrel layers and three disks on either end of the barrel, and will have a low-mass two-phase CO 2 cooling system. The silicon sensors will not be changed from the currently used sensors. The new detector will have a lower contribution to the material budget as the current three-layer pixel detector [1] .
The new ROC is based on the current ROC, with a limited number of changes to extend and add buffers, and to provide a digital readout. Maintaining the core design of the chip allows us to profit from the experience of the production, testing, and operation of the current pixel detector. There are three main improvements:
• A digital readout protocol with a 160 Mbit/s LVDS data link, since the data transmission rate of the current analog encoding has reached its limit.
• Reduced data loss by increasing the time stamp and data buffers, and adding a new readout buffer on the ROC.
• A lower threshold, due to reduced cross talk and time walk in the ROC.
III. CHARACTERIZATION OF PROTOTYPES
CMS has received the first prototype digital ROCs. A few have been bump bonded to sensors and irradiated at the CERN PS with 23 GeV protons up to a dose of 130 kGy, which corresponds to the lifetime dose of the outermost layer of the pixel detector. In addition, ROCs without sensors have been irradiated at the Karlsruhe Zyklotron with 23 MeV protons up to a dose of 1.13 MGy, which corresponds to the lifetime dose of the innermost layer. Both unirradiated and irradiated single chip modules have been characterized in an electron test beam at the Deutsches Elektronen-Synchrotron (DESY), while the unirradiated and irradiated ROCs are evaluated in lab measurements. In the following sections, the measurements of key chip parameters and characteristics as a function of radiation dose are presented.
A. Single Chip Modules
Two single chip modules, which are a small sensor bump bonded to a read out chip, were irradiated at the CERN PS with 23 GeV protons to 30 kGy and 130 kGy, the latter of which corresponds to the expected lifetime dose of the outermost layer of the pixel detector.
The EUTelescope [3] was used in the test beam to reconstruct particle tracks with a pointing resolution of approximately 5 µm at the device under test (DUT). The telescope is composed of 6 pixel telescope planes, three upstream and three downstream from the DUT. The trigger is provided by scintillators before and after the telescope planes, and there is a CMS pixel single chip module used as a timing reference. A diagram of the test beam setup is shown in Figure 1 . A hit efficiency can be defined as:
where T elescope is a track in the telescope, REF is a hit in the timing reference, and DU T is a hit in the DUT linked to the telescope track. A map of the hit efficiency for the module irradiated to 130 kGy is shown in Figure 2 . In the fiducial region, the efficiency is approximately 99%.
The efficiency as a function of the absolute value of the bias voltage is shown in Figure 3 . The chip is fully efficient at approximately -70 V, although the full depletion voltage is -200 V. Also shown in Figure 3 is the relative collected charge, defined as the amount of charge collected at a specific bias voltage, normalized to the amount of charge collected at -300 V, the highest bias voltage used. The module is already fully efficient when only half of the total charge is collected.
In Figure 4 , a measurement of the spatial resolution in the 100 µm direction is shown before and after irradiation. After subtracting the intrinsic telescope resolution (5.4 µm for the unirradiated measurement, and 4 µm for the irradiated measurement, due to different beam energies), a spatial resolution of 7 µm is obtained, both before and after irradiation. shows a measurement of the spatial resolution as a function of the pixel threshold for an unirradiated single chip module. A spatial resolution of 6 µm is achieved.
To perform tests and calibrations of the readout chain, the ROC features the possibility to inject an adjustable amount of charge at the input of the amplifying circuitry of every pixel. The amount of the injected charge is regulated through a DAC (VCAL) present on the ROC. This calibration signal is also used to set the thresholds of the pixels and to build a scale used to express the charge collected by the pixels when a particle is detected. It is thus important to establish a relation between the DAC units and the corresponding amount of charge seen by the pixels. This is done by comparing the amplitude of the test pulses with a well determined amount of charge produced in the silicon sensor. This relation is linear and its parameters can be determined using the well defined energy of the K-alpha lines of different elements. This calibration will be done for every ROC during the production. An example of the calibration is shown in Figure 6 . After measuring several samples before irradiation, the slope of the relationship is found to be 52 e − per VCAL unit ± 5%. For the irradiated samples, the slope is 48 e − per VCAL unit ± 5%. Unfortunately it was not possible to measure the same samples before and after irradiation, but since the difference between the unirradiated and irradiated measurements is within the uncertainty and variation between samples, we conclude that the calibration does not change significantly after irradiation. Fig. 6 : Example of the absolute energy calibration of internal test pulse using fluorescence x-ray lines of molybdenum, silver, and barium. The approximate position of a minimum ionizing particle (mip) is also shown. The slope is 50 ± 2.5 e − per VCAL unit, with an offset of -612 ± 9e − .
B. Bare Read Out Chips
Two bare read out chips were irradiated at the Karlsruhe Zyklotron with 23 MeV protons to 380 kGy and 1.13 MGy, which correspond to the expected lifetime dose of layer 2 and layer 1, respectively. The bare read out chips can only be evaluated with a basic functionality test in the lab. Since there is no sensor, the samples cannot be tested in a test beam or in source measurements. A key test is to check the response of each individual Pixel Unit Cell (PUC).
To test the response of the PUC, 10 test pulses are sent to the pixel, and the number of responses is counted. A fully efficient and functioning PUC will send 10 responses. In the first test, the default parameter settings of the ROC were used, and there were many pixels that did not have a fully efficient response. After adjusting some chip parameters, it was possible to recover the full efficiency and all pixels responded with 10 of 10 pulses.
IV. SUMMARY
CMS will replace the entire pixel detector during the extended year end technical stop in 2016/2017. The upgraded detector will have 4 barrel layers and 3 forward disks, as well as a new digital read out chip. Irradiated single chip modules and bare read out chips have been tested in view of the CMS Phase 1 Pixel Upgrade. For the single chip modules irradiated to the expected lifetime dose of the outermost layer, the performance is almost the same as before irradiation. Modules have been irradiated to higher doses and will be tested. Bare read out chips have been irradiated up to the expected lifetime dose of the innermost layer and the response has been tested. Some adjustment of chip parameters is necessary, but the full response can be recovered.
